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Abstract
Taking the solar and the atmospheric neutrino experiments into account we discuss the lepton
flavor violating processes, such as τ → µγ or µ → eγ, in the minimal supersymmetric standard
model with right-handed neutrinos (MSSMRN) and the supersymmetric SU(5) GUT with right-
handed neutrinos [SU(5)RN]. The predicted branching ratio of µ → eγ in the MSSMRN with the
Mikheyev-Smirnov-Wolfenstein (MSW) large angle solution is so large that it goes beyond the current
experimental bound if the second-generation right-handed Majorana mass Mν2 is greater than ∼
1013(∼ 1014)GeV for tanβ = 30(3). When we take the MSW small angle solution, the µ→ eγ rate is
at most about 1/100 of that of the MSW large angle solution. The ’just so’ solution implies 10−5 of
that of the MSW large angle solution. Also, in the SU(5)RN the large µ→ eγ rate naturally follows
from the MSW large angle solution, and the predicted rate is beyond the current experimental bound
if the typical right-handed Majorana mass MN is larger than ∼ 10
13(∼ 1014)GeV for tan β = 30(3),
similarly to the MSSMRN. We show the multimass insertion formulas and their applications to
τ → µγ and µ→ eγ.
1 Introduction
Introduction of supersymmetry (SUSY) to the Standard Model (SM) is a solution for the naturalness
problem on the radiative correction to the Higgs boson mass. The minimal supersymmetric standard
model (MSSM) is considered as one of the most promising models beyond the Standard Model. Nowadays
the signal of supersymmetry is being searched for by many experimental ways.
Lepton flavor conservation, lepton number conservation in each generation, is an exact symmetry in
the SM, however, it may be violated in the MSSM [1]. The SUSY breaking mass terms for sleptons have
to be introduced phenomenologically. Then, the mass eigenstates for sleptons may be different from those
for leptons. This leads to the lepton flavor violating (LFV) rare processes, such as µ→ eγ, τ → µγ, and
so on. In fact, the experimental bounds on them have given a constraint on the slepton mass matrices.
The structure of the SUSY breaking mass matrices for sleptons depends on the mechanism to generate
the SUSY breaking terms in the MSSM. One of the interesting mechanisms is the minimal supergravity
(SUGRA) scenario. Similar to the slepton masses, arbitrary SUSY breaking masses for squarks are
also strongly constrained from the FCNC processes, such as K0 −K0 mixing. In the minimal SUGRA
scenario, the SUSY breaking masses for squarks, sleptons, and the Higgs bosons are expected to be given
universally at the tree level, and we can escape from these phenomenological constraints.
However, the universality of the SUSY breaking masses for the scalar bosons is not stable for the
radiative correction. Especially, if the physics below the gravitational scale Mgrav (∼ 1018GeV) has the
LFV interaction, the interaction induces radiatively the LFV SUSY breaking masses for sleptons. Then,
the LFV rare processes are sensitive to physics beyond the MSSM [2].
Recently, the Super-Kamiokande experiment has given us a convincing result [3] that the atmospheric
neutrino anomaly [4] comes from the neutrino oscillation. From the zenith-angle dependence of νe and
νµ fluxes following neutrino mass square difference and mixing angle are expected,
∆m2νµνX ≃ (10−3 − 10−2)eV2,
sin2 2θνµνX
>∼ 0.8. (1)
From the negative result for νe-νµ oscillation in the CHOOZ experiment [5] it is natural to consider
νX = ντ from above results, and the tau neutrino mass is given as
mντ ≃ (3 × 10−2 − 1× 10−1)eV, (2)
provided mass hierarchy mντ ≫ mνµ .
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The simplest model to generate the neutrino masses is the seesaw mechanism [6]. The neutrino mass
Eq. (2) leads to the right-handed neutrino masses below ∼ (1014−1015) GeV, even if the Yukawa coupling
constant for the tau neutrino mass is of the order of one. This means that a LFV interaction exists below
the gravitational scale. Then it is expected that the LFV large mixing for sleptons between the second-
and the third-generations is generated radiatively in the minimal SUGRA scenario, and that the LFV
rare processes may occur with rates accessible by future experiments [7, 8]. In fact, the branching ratio
of τ → µγ in the MSSM with the right-handed neutrinos can reach the present experimental bound [9].
The solar neutrino deficit [10] may also come from neutrino oscillation between νµ-νe. The Mikheyev-
Smirnov-Wolfenstein (MSW) solution [11] due to the matter effect in the sun is natural for its explanation,
and the observation favors
∆m2νeνY ≃ (8 × 10−6 − 3× 10−4)eV2,
sin2 2θνeνY
>∼ 0.5, (3)
or
∆m2νeνY ≃ (4 × 10−6 − 1× 10−5)eV2,
sin2 2θνeνY ≃ (10−3 − 10−2). (4)
If the solar neutrino anomaly comes from so-called ’just so’ solution [12], neutrino oscillation in vacuum,
the following mass square difference and mixing angle are expected [13],
∆m2νeνY ≃ (6 × 10−11 − 1× 10−10)eV2,
sin2 2θνeνY
>∼ 0.5. (5)
It is natural to consider νY = νµ, combined with the atmospheric neutrino observation. If one of the
large angle solutions for the solar neutrino anomaly is true, the large mixing θνµνe may imply the LFV
large mixing for sleptons between the first- and the second-generations.
In this article we investigate the LFV processes in the supersymmetric models with the right-handed
neutrinos, assuming the minimal SUGRA scenario. We take the above results for the atmospheric and
solar neutrinos. In section 2 after discussing the origin of the observed mixing angles we calculate the
τ → µγ and µ→ eγ branching ratios under the assumption of the MSSM with the right-handed neutrinos.
It is argued that the µ→ eγ rate depends on the solar neutrino solutions, and that especially the MSW
large angle solution naturally leads to a large µ → eγ rate. In section 3 we consider them in the SU(5)
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SUSY GUT with the right-handed neutrinos. Here also it is shown that the large µ→ eγ rate naturally
follows from the MSW large angle solution. Section 4 is for our conclusion. In Appendix A we give
our convention used in this article. In Appendices B and C we show the multimass insertion formulas
and their applications to τ → µγ and µ → eγ, which are useful for estimating the LFV amplitudes
and understanding the qualitative behavior of the LFV rates. In Appendix D the renormalization group
equations (RGE’s) relevant for our discussion are given.
2 The Lepton Flavor Violation in the MSSM with Right-handed
Neutrinos
Before starting to investigate the LFV rare processes in the MSSM with the right-handed neutrinos
(MSSMRN), we discuss the origin of the large mixing of neutrino between ντ -νµ or νµ-νe. The MSSMRN
is the simplest supersymmetric model to explain the neutrino masses, and following discussion is valid to
the extension. The superpotential of the Higgs and lepton sector is given as
WMSSMRN = fνijH2N iLj + feijH1EiLj +
1
2
MνiνjN iN j + µH1H2, (6)
where L is a chiral superfield for the left-handed lepton, and N and E are for the right-handed neutrino
and the charged lepton. H1 and H2 are for the Higgs doublets in the MSSM. Here, i and j are generation
indices. After redefinition of the fields, the Yukawa coupling constants and the Majorana masses can be
taken as
fνij = fνiVDij ,
feij = feiδij ,
Mνiνj = U
∗
ikMνkU
†
kj , (7)
where VD and U are unitary matrices. In this model the mass matrix for the left-handed neutrinos (mν)
becomes
(mν)ij = V
⊤
Dik(mν)klVDlj , (8)
where
(mν)ij = mνiD
[
M−1
]
ij
mνjD
≡ V ⊤MikmνkVMkj . (9)
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Here, mνiD = fνiv sinβ/
√
2 and VM is a unitary matrix.
1 We assume fν3
>∼ fν2 >∼ fν1 , similar to the
quark sector, and mντ ≫ mνµ ≫ mνe . Also, we take the Yukawa coupling and the Majorana masses for
the right-handed neutrinos real for simplicity.
When we consider only the tau and the mu neutrino masses, we parameterize two unitary matrices
as
VD =
(
cos θD sin θD
− sin θD cos θD
)
, VM =
(
cos θM sin θM
− sin θM cos θM
)
. (10)
The observed large angle θνµντ is a sum of θD and θM . However, in order to derive large θM we need
to fine-tune the independent Yukawa coupling constants and the mass parameters. The neutrino mass
matrix (mν) in the second and the third generations is written explicitly as
(mν) =
1
1− M
2
ν2ν3
Mν2ν2Mν3ν3

 m2ν2DMν2ν2 −mν2Dmν3DMν2ν3 M2ν2ν3Mν2ν2Mν3ν3
−mν2Dmν3D
Mν2ν3
M2ν2ν3
Mν2ν2Mν3ν3
m2ν3D
Mν3ν3

 . (11)
If the following relations are imposed,
m2ν3D
Mν3ν3
≃ m
2
ν2D
Mν2ν2
≃ mν2Dmν3D
Mν2ν3
, (12)
the neutrino mass hierarchy mντ ≫ mνµ and θM ≃ π/4 can be derived. However, it is difficult to
explain the relation among the independent coupling constants and masses without some mechanism or
symmetry. Also, the hierarchy mν3D ≫ mν2D suppresses the mixing angle θM as
tan 2θM ≃ 2
(
mν2D
mν3D
)(
Mν2ν3
Mν2ν2
)
, (13)
as far as the Majorana masses for the right-handed neutrinos do not have stringent hierarchical structure
as Eq. (12). Therefore, in the following discussion we assume that the large mixing angle between ντ and
νµ comes from θD and that U is a unit matrix. Similarly, it is natural to consider that the large mixing
angle between νµ and νe in the MSW solution or the ’just so’ solution for the solar neutrino anomaly
comes from VD.
The existence of the large mixing angles in VD may lead to radiative generation of sizable LFV
masses for the sleptons in the minimal SUGRA scenario. Though the SUSY breaking masses for the
left-handed slepton are flavor-independent at tree level, the Yukawa interaction for the neutrino masses
induces radiatively the LFV off-diagonal components in the left-handed slepton mass matrix.
1 〈h1〉 = (v cos β/
√
2, 0)⊤ and 〈h2〉 = (0, v sinβ/
√
2)⊤ with v ≃ 246GeV.
4
The SUSY breaking terms for the Higgs and lepton sector in the MSSMRN are in general given as
− L SUSY breaking = (m2L˜)ij l˜
†
Lil˜Lj + (m
2
e˜)ij e˜
∗
Rie˜Rj + (m
2
ν˜)ij ν˜
∗
Riν˜Rj
+m˜2h1h
†
1h1 + m˜
2
h2h
†
2h2
+(Aijν h2ν˜
∗
Ri l˜Lj +A
ij
e h1e˜
∗
Ri l˜Lj +
1
2
Bijν ν˜
∗
Riν˜
∗
Rj +Bhh1h2 + h.c.), (14)
where l˜L, e˜R, and ν˜R represent the left-handed slepton, and the right-handed charged slepton, and the
right-handed sneutrino. Also, h1 and h2 are the doublet Higgs bosons. In the minimal SUGRA scenario
at the gravitational scale the SUSY breaking masses for sleptons, squarks, and the Higgs bosons are
universal, and the SUSY breaking parameters associated with the supersymmetric Yukawa couplings or
masses (A or B parameters) are proportional to the Yukawa coupling constants or masses. Then, the
SUSY breaking parameters in Eq. (14) are given as
(m2
L˜
)ij = (m
2
e˜)ij = (m
2
ν˜)ij = δijm
2
0,
m˜2h1 = m˜
2
h2 = m
2
0,
Aijν = fνija0, A
ij
e = feija0,
Bijν =Mνiνj b0, Bh = µb0. (15)
In order to know the values of the SUSY breaking parameters at the low energy, we have to include
the radiative corrections to them. We can evaluate them by the RGE’s. We present them in Appendix D,
and here we discuss only the qualitative behavior of the solution using the logarithmic approximation.
The SUSY breaking masses of squarks, sleptons, and the Higgs bosons at the low energy are enhanced by
gauge interactions, and the corrections are flavor-independent and proportional to square of the gaugino
masses. On the other hand, Yukawa interactions reduce the SUSY breaking masses. If the Yukawa
coupling is LFV, the radiative correction to the SUSY breaking parameters is LFV. The LFV off-diagonal
components for (m2
L˜
), (m2e˜), and A
ij
e are given at the low energy as
(m2
L˜
)ij ≃ − 1
8π2
(3m20 + a
2
0)V
∗
DkiVDkjf
2
νk
log
Mgrav
Mνk
,
(m2e˜)ij ≃ 0,
Aije ≃ −
3
8π2
a0feiV
∗
DkiVDkjf
2
νk
log
Mgrav
Mνk
,
where i 6= j. In these equations, the off-diagonal components of (m2
L˜
) and Ae are generated radiatively
while those of (m2e˜) are not. This is because the right-handed leptons have only one kind of the Yukawa
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interaction fe and we can always take a basis where fe is diagonal. The magnitudes of the off-diagonal
components of (m2
L˜
) and Ae are sensitive to fνi and VD.
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As shown above, VD32 is expected to be of the order of one from the atmospheric neutrino observation.
This leads to the non-vanishing (m2
L˜
)32 and A
32
e , which result in a finite τ → µγ decay rate via diagrams
involving them. The dominant contributions are proportional to
(m2
L˜
)32 ≃ − 1
8π2
(3m20 + a
2
0)V
∗
D33VD32f
2
ν3
log
Mgrav
Mν3
. (17)
As will be shown, if fν3 is of the order of one, the branching ratio of τ → µγ may reach the present
experimental bound.
Moreover if VD31 is finite, (m
2
L˜
)31 and (m
2
L˜
)21 are also large. They are approximately
(m2
L˜
)31 ≃ − 1
8π2
(3m20 + a
2
0)V
∗
D33VD31f
2
ν3
log
Mgrav
Mν3
,
(m2
L˜
)21 ≃ − 1
8π2
(3m20 + a
2
0)V
∗
D32VD31f
2
ν3
log
Mgrav
Mν3
. (18)
This fact implies a sizable µ→ eγ rate because the amplitudes proportional to (m2
L˜
)23(m
2
L˜
)31 or (m
2
L˜
)21
are dominant. When VD21 is also of the order of one to explain the solar neutrino anomaly, an extra
contribution to (m2
L˜
)21 has to be taken into account as
(m2
L˜
)21 ≃ − 1
8π2
(3m20 + a
2
0)
(
V ∗D32VD31f
2
ν3
log
Mgrav
Mν3
+ V ∗D22VD21f
2
ν2
log
Mgrav
Mν2
)
. (19)
The experimental upper bound on the branching ratio of µ→ eγ is so severe that the predicted branching
ratio may reach it even if fν2 is O(10−1).
2.1 The Branching Ratio of τ → µγ
Let us discuss the branching ratios of the LFV rare processes in the MSSMRN. First, τ → µγ. The
amplitude of the e+i → e+j γ (i > j) takes a form
T = eǫα∗(q)v¯i(p)iσαβqβ(A
(ij)
L PL +A
(ij)
R PR)vj(p− q), (20)
where p and q are momenta of ei and photon, and the decay rate is given by
Γ(ei → ejγ) = e
2
16π
m3ei(|A
(ij)
L |2 + |A(ij)R |2). (21)
2 If U is not a unit matrix, the off-diagonal components for (m2
L˜
) and Ae become
(m2
L˜
)ij ≃ − 1
8π2
(3m20 + a
2
0)V
∗
DkiVDljfνkfνlU
∗
kmUlm log
Mgrav
Mνm
,
Aije ≃ −
3
8π2
a0feiV
∗
DkiVDljfνkfνlU
∗
kmUlm log
Mgrav
Mνm
. (16)
Then they are insensitive to the detail of U since the dependence on Mνi is logarithmic.
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Here, we neglect the mass of ej. The amplitude is not invariant for the SU(2)L and U(1)Y symmetry
and the chiral symmetry of leptons. Then the coefficients A
(ij)
L and A
(ij)
R are proportional to the charged
lepton masses. Since in the MSSMRN the mismatch between the left-handed slepton and the charged
lepton mass eigenstates is induced, A
(ij)
L is much larger than A
(ij)
R since A
(ij)
R is suppressed by mej/mei
compared with A
(ij)
L . Also, when tanβ(≡ v2/v1) is large, the contribution to A(ij)L proportional to
feiv2(= −
√
2mei tanβ) becomes dominant. In the MSSMRN, the dominant contribution to τ → µγ is
from the diagram of Figs. (1)(a) and (b) and its expression is
A
(τµ)
L ≃ mτ
α2
4π
µM2 tanβ(m
2
L˜
)32
×D
[
D
[
1
m2
{
fc2
(
M2
m2
)
− 1
4
fn2
(
M2
m2
)}
;M2
]
(M22 , µ
2);m2
]
(m2ν˜µ ,m
2
ν˜τ
), (22)
which comes from the SU(2)L interaction. The functions fn2(x) and fc2(x) are defined in Appendix C
and the operator D[f(x);x](x1, x2) to a function f(x) is defined by
D[f(x);x](x1, x2) ≡ 1
x1 − x2 (f(x1)− f(x2)). (23)
Here, for a demonstrational purpose, we take a limit where the SUSY breaking scale is much larger
than the W and Z gauge boson masses and tanβ >∼ 1. This equation can be derived from the mass-
insertion formula represented in Appendix C. The LFV A term can not give a dominant contribution
when tanβ >∼ 1.
In Fig. (2) we show the branching ratio of τ → µγ as a function of the left-handed selectron mass
(me˜L). Here, mντ = 0.07eV, VD33 = VD22 = −VD32 = VD23 = 1/
√
2, and we assume that fν3 is as
large as the Yukawa coupling constant for the top quark at the gravitational scale. This corresponds to
Mν3 ∼ 1014GeV. Also, we impose the radiative breaking condition of the SU(2)L×U(1)Y gauge symmetry
with tanβ = 3, 10, 30 and the Higgsino mass parameter µ positive. In our calculation we considered the
experimental constraints from the negative results of the SUSY particle search. Though we do not assume
the GUT’s, we take the wino mass (M2) 130GeV and determine the other gaugino masses by the GUT
relation for the gaugino masses. We use the formula for τ → µγ in Ref. [9] for the numerical calculation.
The branching ratio is reduced where the left-handed selectron mass is comparable to the wino mass.
This is because the slepton masses are almost determined by the radiative correction from the gaugino
masses, and m20, which (m
2
L˜
)32 is proportional to, is negligible in the region. As mentioned above, the
branching ratio is proportional to tan2 β (see Eq. (22)), and the line for tanβ = 30 is close to the
experimental bound, Br(τ → µγ) < 3.0× 10−6 [14].
7
In Fig. (3) we present the dependence of the branching ratio of τ → µγ on Mν3 . Here, we take
me˜L = 170GeV, and the other SUSY breaking parameters are the same as in Fig. (2). The branching
ratio is proportional to M2ν3 since we fix mντ = 0.07eV. If 10
−8 can be reached in the future experiments,
we can probe Mν3 > 10
13(1014)GeV for tanβ = 30(3).3
2.2 The Branching Ratio of µ→ eγ
Next, we discuss µ→ eγ in the MSSMRN. The forms of the amplitude and the event rate are the same
as those of τ → µγ (Eqs. (20,21)). This process has two types of the contribution, depending on the
structure of the Yukawa coupling for the neutrino masses. One is the diagrams where (m2
L˜
)21 or A
21
e is
inserted, and another is those that (m2
L˜
)32 or A
32
e and (m
2
L˜
)13 or A
13
e are inserted. Then the dominant
contributions (Figs. (4)(a)-(d)) are following,
A
(µe)
L = −mµ
α2
4π
M2µ tanβ
×D
[{ [
(m2
L˜
)21 +
(m2
L˜
)23(m
2
L˜
)31
m2ν˜ −m2ν˜τ
]
1
m4ν˜
{
gc2
(
M2
m2ν˜
)
− 1
4
gn2
(
M2
m2ν˜
)}
−
[
(m2
L˜
)23(m
2
L˜
)31
(m2ν˜ −m2ν˜τ )2
]
1
m2ν˜τ
{
fc2
(
M2
m2ν˜τ
)
− 1
4
fn2
(
M2
m2ν˜τ
)}}
;M2
]
(M22 , µ
2) (24)
Here, we take a limit where the SUSY breaking scale is much larger than theW and Z gauge boson masses
and tanβ >∼ 1, again. We also assumed the mass degeneracy between the first- and the second-generation
left-handed sleptons as
m2e˜L = m
2
µ˜L
= m2ν˜e = m
2
ν˜µ
≡ m2ν˜ . (25)
The functions fc2,n2(x) and gc2,n2(x) are defined in Appendix C.
As mentioned above, if the solar neutrino anomaly comes from the MSW effect or the vacuum oscilla-
tion with the large angle, VD21 is expected to be large. This leads to non-vanishing (m
2
L˜
)21. In Fig. (5),
under the condition that
VD =

 0.91 0.35 0.24−0.42 0.72 0.55
0 −0.60 0.80

 (26)
and mνµ = 0.004eV [17] we show the branching ratio of µ→ eγ as a function ofMν2 . This corresponds to
the MSW solution with the large mixing. Here we take VD31 = 0 and we will discuss a case with finite VD31
later. The input parameters are taken to be the same as in Fig. (3). For tanβ = 30(3), the branching ratio
reaches the experimental bound (Br(µ→ eγ) < 4.9×10−11 [14]) whenMν2 ≃ 8×1012(8×1013)GeV. This
3 An alternative way to prove (m2
L˜
)32 is to search for the slepton oscillation [15, 16].
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corresponds to fν2 ≃ 0.03(0.11). Future experiments are expected to reach 10−14 [18]. This corresponds
to Mν2 ≃ 1011 (1012)GeV.
If the solar neutrino anomaly comes from the MSW solution with the small mixing, we cannot dis-
tinguish whether the mixing comes from VD or VM . If it comes from VD, the branching ratio is smaller
by about 1/100 compared with that in the MSW solution with the large mixing, as shown in Fig. (6). In
Fig. (6) we assume that
VD =

 1 0.04 0.03−0.04 0.79 0.59
0 −0.60 0.80

 (27)
and mνµ = 0.0022eV [17]. Other input parameters are the same as Fig. (5).
In Fig. (7) we take
VD =


1√
2
1
2
1
2
− 1√
2
1
2
1
2
0 − 1√
2
1√
2

 (28)
and mνµ = 1.0 × 10−5eV [19]. Other parameters are the same as in Fig. (5). This corresponds to the
’just so’ solution for the solar neutrino anomaly. Since the mu neutrino mass is smaller, the branching
ratio is suppressed by 10−5 compared with that in the MSW solution with the large mixing.
Next we discuss the branching ratio of µ→ eγ when VD31 is finite. In Figs. (8,9) we show the branching
ratio as a function of VD31 and Mν3 for tanβ = 3 and 30. Here we assume that fν2 is negligibly small.
The other parameters are the same as in Fig. (3). The branching ratio is almost proportional to V 2D31M
2
ν3
.
Compared with this figure to Fig. (5), when Mν2 =Mν3 , the contribution from VD31 is negligible in the
MSW solution with the large mixing angle unless VD31 is larger than 10
−2.5. On the other hand, it can
be dominant in the ’just so’ solution even if VD31 ∼ 10−4.
Finally we consider the µ+ → e+e−e+ process and the µ-e conversion on 4822Ti. For these processes
the penguin type diagrams dominate over the others, so the behavior of the decay rate is similar to that
of µ→ eγ. For the µ→ 3e process the following approximate relation holds between the branching ratios
of the two processes,
Br(µ→ 3e) ≃ α
8π
8
3
(
log
m2µ
m2e
− 11
4
)
Br(µ→ eγ) (29)
≃ 7× 10−3Br(µ→ eγ). (30)
For the µ-e conversion rate Γ(µ→ e) a similar relation holds at tanβ > 1 region,
Γ(µ→ e) ≃ 16α4Z4effZ|F (q2)|2Br(µ→ eγ). (31)
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Here Z is the proton number in the nucleus, and Zeff is the effective charge, F (q
2) the nuclear form factor
at the momentum transfer q. For 4822Ti, Zeff = 17.6 and F (q
2 ≃ −m2µ) ≃ 0.54 [20, 21]. We express the
magnitude of the µ-e conversion with the normalization the muon capture rate in Ti nucleus. Then the
normalized conversion rate R(µ− → e−; 4822Ti) is approximately
R(µ− → e−; 4822Ti) ≃ 6× 10−3Br(µ→ eγ). (32)
The future experiment for the µ-e conversion is planed to reach R(µ− → e−; 4822Ti) < 10−18 [22].
3 The Lepton Flavor Violation in the SU(5) SUSY GUT with
Right-handed Neutrinos
In the SUSY GUT the gauge coupling unification is predicted, and the predicted weak mixing angle is
consistent with the experimental data at the 1 % level of accuracy. Moreover if the unified gauge group
is SO(10), the right-handed neutrinos are introduced automatically into the matter multiplet. However,
in order to accommodate the observed large mixing angle in the framework of the SO(10) SUSY GUT,
one needs unnatural extension of the simplest version of the SO(10) SUSY GUT. Hence in this article
we do not discuss the SO(10) SUSY GUT. Here we investigate the SU(5) SUSY GUT with the right-
handed neutrinos as one of the extension of the MSSMRN in which the small neutrino mass is naturally
obtained and the large neutrino mixing angle is possible without unnatural fine-tuning. We here call this
model as SU(5)RN, for brevity. After introducing the model we estimate the off-diagonal elements of the
slepton soft mass matrices using the one-loop level RGE’s under an assumption of the minimal SUGRA
scenario. With them we study the LFV processes τ → µγ and µ → eγ. After that we comment on the
b→ sγ branching ratio. We show that the LFV rates in this model is larger in general than those in the
MSSMRN model, due to the fact that in this model the right-handed slepton mass matrix also can have
non-negligible off-diagonal elements, in addition to the left-handed one [23, 24, 25].
First we introduce the model. This model has three families of matter multiplets ψi, φi, and ηi, which
are 10, 5∗, and 1 dimension representations of SU(5), respectively. ψi contains the quark doublet, the
charged lepton singlet, and the up-type quark singlet, while φi the down-type quark singlet and the lepton
doublet and ηi the right-handed neutrino, respectively. The model has 5 and 5
∗ dimension representation
Higgs multiplets, H and H . H consists of the MSSM Higgs multiplet H2 and a colored Higgs multiplet
HC , and H another MSSM Higgs multiplet H1 and another colored Higgs multiplet HC . The GUT gauge
symmetry is spontaneously broken into the SM one at the GUT scale MGUT ≃ 2× 1016GeV. Above the
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GUT scale the superpotential W of the matter sector of this model is
W =
1
4
fuijψ
AB
i ψ
CD
j H
EǫABCDE +
√
2fdijψ
AB
i φjAHB
+fνijηiφjAH
A +
1
2
Mηiηjηiηj ,
where A,B, ... are indices of SU(5) and run from 1 to 5. We also introduce the soft SUSY breaking terms
associated with the GUT multiplets. The relevant part of them is 4
− LSUSY breaking = (m2ψ)ij ψ˜†i ψ˜j + (m2φ)ij φ˜†i φ˜j + (m2η)ij η˜†i η˜j +m2hh†h+m2h¯h¯†h¯
+
{
1
4
Auij ψ˜iψ˜jh+
√
2Adij ψ˜iφ˜j h¯+Aνij η˜iφ˜jh+ h.c.
}
, (33)
where ψ˜i, φ˜i, and η˜i are the scalar components of the ψi, φi, and ηi chiral multiplets, respectively,
and h and h¯ are the Higgs bosons. In the minimal SUGRA scenario these coefficients are given at the
gravitational scale as
(m2ψ)ij = (m
2
φ)ij = (m
2
η)ij = δijm
2
0,
m2h = m
2
h¯
= m20,
Auij = fuija0, Adij = fdija0, Aνij = fνija0. (34)
At the GUT scale we choose a basis where the up-type quark and the neutrino Yukawa coupling
matrices are diagonalized as
fuij = fuie
iφui δij ,
fdij = (V
∗
KM)ikfdk(V
†
D)kj ,
fνij = fνie
iφνi δij , (35)
where fψi (ψ = u, d, ν) are the eigenvalues of fψij , respectively, VKM the Kobayashi-Maskawa matrix
at the GUT scale, and VD a unitary matrix which describes the generation mixing in the lepton sector.
φψi(ψ = u, ν) are phase factors which satisfy φu1 + φu2 + φu3 = 0 and φν1 + φν2 + φν3 = 0. However
these phases are completely irrelevant for our below discussion.
At the GUT scale the Yukawa coupling constants responsible to the down-type quark masses and
those responsible to the charged lepton masses are supposed to unify as
fdi = fei . (36)
4For simplicity we neglect the Yukawa coupling λHΣH¯ and the soft SUSY-breaking parameters associated with it, where
Σ is an adjoint representation Higgs multiplet causing the breaking SU(5)GUT → SU(3)c× SU(2)L× U(1)Y .
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This relation is consistent with the particle spectrum at the low energy only for the third-generation. In
order to explain the fermion masses of the first- and the second-generations, one has to consider the effect
of the nonrenormalizable terms also. At that time those terms can be another source of LFV [26, 27],
but we do not take them into account for simplicity.
Below the GUT scale we take the basis in which the Yukawa coupling constant matrix responsible for
charged lepton masses is diagonalized. The basis we take at low energy region is related to that of GUT
multiplets by the following embedding:
ψi = {Qi, e−iφuiU i, (VKM)ijEj},
φi = {VDijDj , VDijLj},
ηi = {e−iφνiN i}. (37)
Then the superpotential W is expanded in terms of the MSSM fields as
W = fuiQiU iH2 + (V
∗
KM)ijfdjQiDjH1
+fdiEiLiH1 − fνiVDijN iLjH2
+fuj (VKM)jiEiU jHC −
1
2
fuie
iφuiQiQiHC
+(V ∗KM)ijfdje
−iφuiU iDjHC − (V ∗KM)ijfdjQiLjHC
+fνiVDijN iDjHC
+
1
2
MνiνjN iN j . (38)
Here we should notice that the fifth term of the right-hand side of the above equation is no longer
generation-diagonal. This is nothing but a direct consequence of the GUT unification, that is, one of
the central goal of the grand unification is to embed the leptons and the quarks into the same multiplet,
which forces the mixing in the quark sector related to that of the lepton sector. No redefinition of E
in generation-space can eliminate this mixing, as can be seen from Eq. (38). This mixing causes the
off-diagonal elements of (m2e˜) via radiative corrections.
As for the origin of the observed mixing angle between the left-handed neutrinos a parallel discussion
to that of the previous section applies. The Majorana mass matrix in Eq. (38) has an inter-generational
mixing as
Mνiνj = U
∗
ikMνkU
†
kj . (39)
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The mass matrix of the left-handed neutrinos (mν) is then
(mν)ij = V
⊤
Dik(mν)klVDlj , (40)
where
(mν)ij = mνiD
[
M−1
]
ij
mνjD
≡ V ⊤MikmνkVMkj . (41)
Here also mνiD = fνiv sinβ/
√
2, the same notation as that of the previous section. The discussion in the
previous section shows that the large mixing angle from VM requires a fine-tuning between the elements
ofMνiνj (Eq. (12)). Therefore as for the large mixing angle between neutrinos it is natural that its origin
is in the mixing matrix VD in Eq. (38). Here we assume Uij = δij , for simplicity, which means that the
mixing comes only from VD.
Now we evaluate the off-diagonal elements of the slepton mass matrices at the low energy. As stated
above, both the left- and right-handed slepton’s ones have non-negligible off-diagonal elements at one-
loop level. Assuming mνe ≪ mνµ ≪ mντ we neglect fν1 , and also fu1 and fu2 to obtain approximate
formulas for the off-diagonal elements of the slepton mass matrices as
(m2e˜)ij ≃ −
3
8π2
f2u3(VKM)3i(V
∗
KM)3j(3m
2
0 + a
2
0) log
Mgrav
MGUT
, (42)
(m2
L˜
)ij ≃ − 1
8π2
(
f2ν3V
∗
D3iVD3j log
Mgrav
Mν3
+ f2ν2V
∗
D2iVD2j log
Mgrav
Mν2
)
(3m20 + a
2
0), (43)
Aije ≃ −
3
8π2
a0
(
feiV
∗
D3iVD3jf
2
ν3
log
Mgrav
Mν3
+ feiV
∗
D2iVD2jf
2
ν2
log
Mgrav
Mν2
+3fejV
∗
KM3jVKM3if
2
u3
log
Mgrav
MGUT
)
, (44)
for i 6= j. These formulas are obtained by a logarithmic approximation from the RGE’s (given in
Appendix D).
Now we study the individual LFV processes. First we concentrate on the τ → µγ decay. For τ → µγ
the most important contribution is from diagrams which involves (m2
L˜
)32 and winos (that is, diagrams of
Figs. (10) (a) and (b)), which is the common feature with the MSSMRN case. These diagrams dominate
because the large VD32 element, suggested by the atmospheric neutrino anomaly, enhances (m
2
L˜
)32 as
(m2
L˜
)32 ≃ − 1
8π2
(3m20 + a
2
0)V
∗
D33VD32f
2
ν3
log
Mgrav
Mν3
, (45)
which is the same situation as in the MSSMRN case. The main difference from the MSSMRN case is
a presence of (me˜)32, but the contribution to the τ → µγ is too small at the broad parameter region
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to be comparable to those from Figs. (10)(a) and (b), because (me˜)32 is suppressed by small (VKM)32
[28]. Our result of numerical calculation, Fig. (11), indeed shows that almost the same situation as in
the MSSMRN case is realized. In the figure we plot the dependence of the branching ratio of τ → µγ
on the third generation right-handed Majorana mass Mν3 for tanβ = 3, 10, and 30. The upper curve
corresponds to larger tanβ. We take the bino mass as 65GeV, the right-handed selectron mass 160GeV,
and the tau neutrino mass 0.07eV, as expected from the atmospheric neutrino result. We take a0 = 0
for simplicity. The figure shows us that the branching ratio of τ → µγ is nearly proportional to the
square of Mν3 . At the right-hand side of each curve the Yukawa coupling constant fν3 blows up below
the gravitational scale, so the perturbative treatment is no longer valid in this region. In the region
near Mν3 ≃ 1014GeV the branching ratio is close to or even beyond the current experimental bound,
Br(τ → µγ) < 3.0×10−6 [14]. At relatively smallMν3 region (Mν3 <∼ 4×1012GeV) the contribution from
the right-handed slepton mass matrix (the diagrams shown in Figs. (10)(c) and (d)) tends to dominate,
and the curves of the branching ratio show deviation from simple straight lines.
Next the µ → eγ process. Since we know VD32 = O(1) from the atmospheric neutrino result we can
calculate (m2
L˜
)23 as
(m2
L˜
)23 ≃ − 1
8π2
f2ν3V
∗
D32VD33(3m
2
0 + a
2
0) log
Mgrav
Mν3
. (46)
On the other hand (m2e˜)31 is determined from the GUT symmetry as
(m2e˜)31 ≃ −
3
8π2
f2u3(VKM)33(V
∗
KM)31(3m
2
0 + a
2
0) log
Mgrav
MGUT
. (47)
Then we can definitely calculate the diagram shown in Fig. (12)(e), which contributes to A
(µe)
R defined in
Eq. (20). This contribution is proportional to mτ , and it tends to dominate over the other contribution
to A
(µe)
R . We need to know VD31 and VD21 to calculate A
(µe)
L . However, we can evaluate only the lower
bound of the branching ratio from the structure given in Eq. (21) even if we do not know them. The
contribution from the diagram (e) can be so large that it reaches the present experimental bound at some
parameter regions [28].
We can imagine some cases where much larger rate than this lower bound is predicted by the contri-
bution from A
(µe)
L . One of such cases is that VD31 is large. In this case, the diagrams in Figs. (12) (a)-(d)
and (f) are enhanced since (m2
L˜
)31 and (m
2
L˜
)21 are proportional to VD31 as
(m2
L˜
)31 ≃ − 1
8π2
(3m20 + a
2
0)f
2
ν3
V ∗D33VD31 log
Mgrav
Mν3
, (48)
(m2
L˜
)21 ≃ − 1
8π2
(3m20 + a
2
0)f
2
ν3
V ∗D32VD31 log
Mgrav
Mν3
. (49)
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While the diagram (f) is enhanced by mτ , the contribution is suppressed by (m
2
e˜)32, which is proportional
to (VKM)32. As a result, the diagrams (a)-(d) dominate since VD32 is large. Also, if fν2 and VD21 are
non-negligibly large, (m2e˜)21 is enhanced as
(m2
L˜
)21 ≃ − 1
8π2
(
f2ν3V
∗
D32VD31 log
Mgrav
Mν3
+ f2ν2V
∗
D22VD21 log
Mgrav
Mν2
)
(3m20 + a
2
0), (50)
and the diagrams (a) and (c) dominate over the other contributions.
Now we examine these expectations numerically. First we set fν2 to zero and later investigate the
non-zero fν2 case. We calculate the dependence of the branching ratio of µ → eγ on Mν3 and VD31 in
the Figs. (13, 14). In the figures we take VD32 = −1/
√
2 and the tau neutrino mass 0.07eV, as suggested
by the atmospheric neutrino result. We neglect mνµ here. Other parameters are the bino mass 65GeV,
the right-handed selectron mass 160GeV, tanβ = 3 and 30, and the Higgsino mass µ > 0. From the
Figs. (13,14) we can see that for VD31
<∼ 10−3 the diagram (e) dominates over the others. At relatively
larger VD31 region (VD31
>∼ 10−2.5) the diagrams (a)-(d) become dominant, and the predicted rate is large
enough to reach the experimental bound for VD31 ≃ 10−2 if tanβ = 30(3) and Mν3 >∼ 1013.5(1014.5)GeV.
Next let us consider the finite fν2 case. We show in Figs. (15, 16) the dependence of the µ → eγ
branching ratio on VD31 and the typical right-handed neutrino Majorana mass MN . In the figures the
parameters that describe the MSW large angle solution are taken as the same as those we used in the
MSSMRN case, and other parameters are taken as the same as in Figs. (13, 14). We assume in the figure
the universality of the right-handed Majorana mass, that is,Mν1 =Mν2 =Mν3(≡MN ). We can see from
the figures that the enhancement due to the MSW large angle solution is so large that the dependence
of the rate on VD31 is small, and that the almost same situation as in the MSSMRN is reproduced here
again, as can be seen when comparing these figures with Fig. (5). Since the dominant contribution is
determined by the second term of Eq. (50), the rate is almost determined from the value of Mν2 because
f2ν2 ∝ Mν2 for fixed mνµ . Hence we can conclude from the Figs. (15,16) that for tanβ = 30(3) the
excluded region of Mν2 extends to 9 × 1012(1 × 1014)GeV, at least for the parameters chosen in our
calculation.
We also calculated for the parameters suggested from the MSW small angle solution and the ’just so’
solution. For the MSW small angle solution the difference from the fν2 = 0 case is at most the factor 2
enhancement, and for the ’just so’ solution no difference from the fν2 = 0 case can be seen.
Finally we comment on the b → sγ process. This model has a characteristic feature that the right-
handed neutrinos couple to the right-handed down-type quarks with the large mixing through the ninth
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term of Eq. (38). This coupling induces the off-diagonal elements in the right-handed down-type squark
soft mass matrix via the radiative corrections, which are as large as
(m2
d˜R
)ij ≃ − 1
8π2
f2νkV
∗
DkjVDki(3m
2
0 + a
2
0) log
Mgrav
MGUT
. (51)
This fact causes us an expectation that the b→ sγ rate may become larger by the effect of the diagram
which contains (m2
d˜R
)23, by an exact analogy to that of the lepton sector. We examined whether this is
true or not, and concluded that a tiny enhancement indeed occurs but it is too small to experimentally
distinguishable. This is because the heavy gluino suppresses the contribution.
4 Conclusion
In this article taking the solar and the atmospheric neutrino experiment results into account we in-
vestigated the lepton flavor violating decay processes, such as µ → eγ or τ → µγ in the MSSM with
the right-handed neutrinos (MSSMRN) and in the SU(5) SUSY GUT with the right-handed neutrinos
(SU(5)RN).
In the MSSMRN we first studied the branching ratio of τ → µγ. It gets larger for larger tanβ and
almost proportional to M2ν3 for fixed mντ . A large rate naturally follows from the large mixing between
ντ and νµ, suggested by the atmospheric neutrino result. If tanβ=30(10) the rate reaches the current
experimental bound forMν3 ∼ 2×1014(6×1014)GeV. We investigated the µ→ eγ rate under three kinds
of the solar neutrino solutions, the MSW large and small angle solutions and the ’just so’ solution. We
argued that the µ→ eγ depends on fν2 , and that especially the large VD21 and the large fν2 , which the
MSW large angle solution suggests, naturally results in such a large rate that the predicted rate is beyond
the current experimental bound if Mν2 is larger than 8 × 1012(8 × 1013)GeV for tanβ = 30(3). We also
investigated the dependence of µ→ eγ on VD31. For tanβ = 30 and VD31 = 10−2, Mν3 >∼ 3× 1013GeV is
excluded for our input parameters.
In the SU(5)RN we calculated the τ → µγ rate. Here also the large mixing between ντ and νµ leads
to a large rate, which is almost the same situation as in the MSSMRN. For µ → eγ in this model, we
can predict the lower bound of the branching ratio of it. This lower bound is calculable from the value
of mντ and the large mixing angle between ντ -νµ, suggested from the atmospheric neutrino result, and
it turns out to be within accessible region by near future experiments. They are supposed to probe the
µ → eγ branching ratio to 10−14 level [18], and then the region Mν3 > 1013(1012)GeV can be probed
for tanβ = 3(30) and mντ = 0.07eV. We considered the relation between µ→ eγ and three kinds of the
16
solar neutrino solutions. The large rate naturally follows from the MSW large angle solution, similarly
to the MSSMRN case, while in the MSW small angle solution and in the ’just so’ solution there is only
a little difference from the fν2 = 0 case.
If the LFV processes are discovered or the experimental bounds are improved by near future exper-
iments, the interesting insight on the lepton sector will be obtained. The best effort to implement it is
strongly desired.
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A Definitions and Conventions in the MSSM
In this appendix we collect our notations of the MSSM used in our article. The superpotential of the
MSSM WMSSM is defined as
5 6
WMSSM ≡ feijH1EiLj + fdijH1QiDj + fuijH2QiU j + µH1H2. (55)
We use i and j as the generation indices running from 1 to 3. E,D, and U are the superfields associated
with the right-handed electron eR, the right-handed down-type quark dR, and the right-handed up-type
quark uR, respectively. Q and L are ones associated with the quark doublet qL and the lepton doublet
lL defined by
qL =
(
uL
dL
)
, lL =
(
ν
eL
)
, (56)
and H1 and H2 the Higgs doublets whose SU(2)L components we denote as
H1 =
(
H01
H−1
)
, H2 =
(
H+2
H02
)
. (57)
The scalar components of H01 and H
0
2 develop the vacuum expectation values (vev’s) as
〈H01 〉 ≡
v1√
2
, 〈H02 〉 ≡
v2√
2
, (58)
which satisfy v21 + v
2
2 = v
2 with v ≃ 246 GeV. We define the ratio of these vev’s as tanβ,
tanβ ≡ v2
v1
. (59)
The Yukawa couplings are given by the fermion masses and the Kobayashi-Maskawa matrix as
feij = −
√
2
mei
v cosβ
δij ,
fdij = −
√
2
mdi
v cosβ
δij ,
fuij =
√
2
mui
v sinβ
(VKM)ij . (60)
5 Supersymmetric couplings and masses of chiral multiplets are given as
−L =
∫
d2θ W + h.c.. (52)
Our convention is unusual in order to keep the chargino mass matrix in accordance with the Haber-Kane convention [29].
6 We implicitly assume the contraction convention over SU(2)L doublet indices (a, b, .. = 1, 2) of two doublets A and B
A =
(
A1
A2
)
, B =
(
B1
B2
)
(53)
as
AB ≡ ǫabAaBb, (54)
where ǫab is an antisymmetric tensor with ǫ12 = −ǫ21 = 1.
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We also introduce the soft SUSY breaking terms in the Lagrangian,
− L SUSY breaking = (m2L˜)ij l˜
†
Lil˜Lj + (m
2
e˜)ij e˜
∗
Rie˜Rj
+(m2
Q˜
)ij q˜
†
Liq˜Lj + (m
2
u˜)ij u˜
∗
Riu˜Rj + (m
2
d˜
)ij d˜
∗
Rid˜Rj
+m˜2h1h
†
1h1 + m˜
2
h2h
†
2h2
+(Aiju h2q˜Liu˜
∗
Rj +A
ij
d h1q˜Lid˜
∗
Rj +A
ij
e h1e˜
∗
Ril˜Lj
+Bhh1h2 + h.c.)
+(
1
2
M1B˜LB˜L +
1
2
M2W˜
a
LW˜
a
L +
1
2
M3g˜
a
Lg˜
a
L + h.c.). (61)
Here the first seven terms are the soft SUSY breaking masses for the doublet-slepton l˜L, the right-handed
charged slepton e˜R, the doublet-squark q˜L, the right-handed up-type (down-type) squark u˜R (d˜R), and
the Higgs bosons. B˜, W˜ , and g˜ stand for bino, wino, and gluino respectively, and the superscript a is the
gauge group index for each corresponding gauge group.
Now we discuss the slepton mass matrices. Let e˜Li and e˜Ri be the superpartners of the left-handed
electron eLi and the right-handed electron eRi, respectively. Then the slepton mass matrix (m
2
e˜)ij is
− L =
(
e˜†Li, e˜
†
Ri
)
(m2e˜)ij
(
e˜Lj
e˜Rj
)
≡
(
e˜†Li, e˜
†
Ri
)(
(m2L)ij (m
2⊤
LR)ij
(m2LR)ij (m
2
R)ij
)(
e˜Lj
e˜Rj
)
. (62)
Here m2L and m
2
R are 3× 3 hermitian matrices and m2LR is a 3× 3 matrix. They are given as
(m2L)ij = (m
2
L˜
)ij +m
2
ei
δij +m
2
Zδij cos 2β(−
1
2
+ sin2 θW ), (63)
(m2R)ij = (m
2
e˜)ij +m
2
ei
δij −m2Zδij cos 2β sin2 θW , (64)
(m2LR)ij = A
ij
e v cosβ/
√
2−meiµδij tanβ. (65)
As for the neutrinos we should notice that there is no right-handed sneutrino in the MSSM. Let ν˜i be
the superpartner of the left-handed neutrino νi. The mass matrix of sneutrino (m
2
ν˜)ij is
− L = ν˜†i (m2ν˜)ij ν˜j ,
(m2ν˜)ij = (m
2
L˜
)ij +
1
2
m2Zδij cos 2β. (66)
Next we discuss the mass matrix of gauginos. First we consider chargino mass matrix MC . It is a
2× 2 matrix that appears in the chargino mass terms,
− Lm =
(
W˜−R H˜
−
2R
)( M2 √2mW cosβ√
2mW sinβ µ
)(
W˜−L
H˜−1L
)
+ h.c.. (67)
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MC is diagonalized by 2× 2 real orthogonal matrices OL and OR as
ORMCO⊤L = diag(Mχ˜−
1
,Mχ˜−
2
). (68)
Define the mass eigenstates χ˜AL(R) (A = 1, 2) by(
χ˜−1L
χ˜−2L
)
= OL
(
W˜−L
H˜−1L
)
,
(
χ˜−1R
χ˜−2R
)
= OR
(
W˜−R
H˜−2R
)
. (69)
Then
χ˜−A = χ˜
−
AL + χ˜
−
AR (A = 1, 2) (70)
forms a Dirac fermion with mass Mχ˜−
A
.
Finally we consider neutralinos. The mass matrix of the neutralino sector is given by
− Lm = 1
2
(
B˜LW˜
0
LH˜
0
1LH˜
0
2L
)
MN


B˜L
W˜ 0L
H˜01L
H˜02L

+ h.c., (71)
where
MN =


M1 0 −mZ sin θW cosβ mZ sin θW sinβ
0 M2 mZ cos θW cosβ −mZ cos θW sinβ
−mZ sin θW cosβ mZ cos θW cosβ 0 −µ
mZ sin θW sinβ −mZ cos θW sinβ −µ 0

 . (72)
The diagonalization is done by a real orthogonal matrix ON ,
ONMNO⊤N = diag(Mχ˜0
1
, ...,Mχ˜0
4
). (73)
The mass eigenstates are given by
χ˜0AL = (ON )ABX˜
0
BL (A,B = 1, · · · , 4) (74)
where
X˜0AL = (B˜L, W˜
0
L, H˜
0
1L, H˜
0
2L). (75)
We have thus Majorana spinors
χ˜0A = χ˜
0
AL + χ˜
0
AR, (A = 1, · · · , 4) (76)
with mass Mχ˜0
A
.
Now we give the interaction Lagrangian of lepton-slepton-chargino (-neutralino) in a basis of the
slepton weak-eigenstate and the chargino (neutralino) mass-eigenstate. By writing the interactions in
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this basis we can get transparent view in the discussion of the multimass insertion technique discussed
in Appendices B and C. The Lagrangian is
− Lint = ν˜†i χ˜−A(CA(i)LR PR + CA(i)LL PL) ei
+e˜†Li χ˜
0
A(N
A(i)
LR PR +N
A(i)
LL PL) ei
+e˜†Ri χ˜
0
A(N
A(i)
RR PR +N
A(i)
RL PL) ei + h.c., (77)
where the coefficients are
C
A(i)
LL = g2(OR)A1,
C
A(i)
LR = −
√
2mei
v cosβ
(OL)A2,
N
A(i)
LL =
g2√
2
[−(ON )A2 − (ON )A1 tan θW ],
N
A(i)
RL =
√
2mei
v cosβ
(ON )A3,
N
A(i)
LR =
√
2mei
v cosβ
(ON )A3,
N
A(i)
RR =
√
2g2(ON )A1 tan θW . (78)
B Multimass Insertion Technique
Mass insertion technique is useful to understand lepton flavor violating processes in the MSSM since only
off-diagonal elements of the slepton mass matrices are sources of the flavor violation. In this appendix
we introduce the multimass insertion technique with the nondegenerate masses. The multimass inserted
diagrams may not be necessarily suppressed than the single-mass inserted ones when the slepton mass
matrix has several small flavor-violating elements. Also, though in the previous mass insertion formulas
the degeneracy of the slepton masses is sometimes assumed, such a degeneracy is not necessarily main-
tained at low energy even if the universal scalar mass hypothesis is assumed in the higher energy scale.
Our rule to derive the mass-inserted amplitudes is very simple. We can derive them by taking the finite
difference on amplitudes which have no mass-insertion. In this section we derive general formulas of
e+i → e+j γ keeping in mind that we apply them to more realistic cases of µ+ → e+γ and τ+ → µ+γ in
the next section.
We refer to the slepton mass matrices as (m2
l˜
),
− L =
∑
l˜=e˜,ν˜
(m2
l˜
)ij l˜
†
i l˜j (79)
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where
e˜i = (e˜L, µ˜L, τ˜L, e˜R, µ˜R, τ˜R)
⊤ (for l˜i = e˜i (i = 1− 6)),
ν˜i = (ν˜e, ν˜µ, ν˜τ )
⊤ (for l˜i = ν˜i (i = 1− 3)). (80)
The explicit forms of these matrices are given in Appendix A. Here we assume that all the off-diagonal
elements of the slepton mass matrices, both flavor violating and conserving ones, are much smaller than
the diagonal elements, ((m2
l˜
)ii ≫ (m2l˜ )jk (j 6= k)).
In the mass-insertion technique the internal slepton lines are classified to two types at one loop level.
First type is a slepton line on which the momentum of slepton is not changed as
k
l˜1
(m2
l˜
)l1l2
l˜2
(m2
l˜
)l2l3
l˜3
(m2
l˜
)l3l4 (m
2
l˜
)lN−1lN
l˜N
=
1
k2 −m2
l˜1
(m2
l˜
)l1l2
1
k2 −m2
l˜2
(m2
l˜
)l2l3
1
k2 −m2
l˜3
(m2
l˜
)l3l4 · · · (m2l˜ )lN−1lN
1
k2 −m2
l˜N
, (81)
where we call the diagonal components of the slepton mass matrices, (m2
l˜
)ii, as m
2
l˜i
. We would like to
consider the e+i → e+j γ process, and so in the above figure we mean that an anti-slepton is going from
left to right with a momentum k. The product of propagators in above equation is referred to as FN ,
FN (m
2
l˜1
,m2
l˜2
, · · · ,m2
l˜N
) ≡ 1
k2 −m2
l˜1
1
k2 −m2
l˜2
· · · 1
k2 −m2
l˜N
. (82)
The second type is a slepton line where the momentum is changed, by an emission of a photon with an
outgoing momentum p, as
p+ k k
l˜1
(m2
l˜
)l1l2
l˜2
(m2
l˜
)l2l3
l˜3
(m2
l˜
)l3l4 (m
2
l˜
)lN−1lN
l˜N
22
=
1
(k + p)2 −m2l1
1
k2 −m2l1
(m2
l˜
)l1l2
1
k2 −m2l2
(m2
l˜
)l2l3 · · · (m2l˜ )lN−1lN
1
k2 −m2lN
+
1
(k + p)2 −m2l1
(m2
l˜
)l1l2
1
(k + p)2 −m2l2
1
k2 −m2l2
(m2
l˜
)l2l3 · · · (m2l˜ )lN−1lN
1
k2 −m2lN
+ · · ·
+
1
(k + p)2 −m2l1
(m2
l˜
)l1l2
1
(k + p)2 −m2l2
(m2
l˜
)l2l3 · · · (m2l˜ )lN−1lN
1
(k + p)2 −m2lN
1
k2 −m2lN
.
(83)
The sum of product of propagators in this equation is referred to as GN ,
GN (m
2
l˜1
,m2
l˜2
, · · · ,m2
l˜N
) ≡ 1
(k + p)2 −m2
l˜1
1
k2 −m2
l˜1
1
k2 −m2
l˜2
· · · 1
k2 −m2
l˜N
+
1
(k + p)2 −m2
l˜1
1
(k + p)2 −m2
l˜2
1
k2 −m2
l˜2
· · · 1
k2 −m2
l˜N
+ · · ·
+
1
(k + p)2 −m2
l˜1
1
(k + p)2 −m2
l˜2
· · · 1
(k + p)2 −m2
l˜N
1
k2 −m2
l˜N
.
(84)
These functions FN and GN can be given as a finite difference of FN−1 and GN−1,
FN (m
2
l˜1
,m2
l˜2
, · · · ,m2
l˜N
) = D[FN−1(m2l˜ ,m
2
l˜3
, · · · ,m2
l˜N
);m2
l˜
](m2
l˜1
,m2
l˜2
), (85)
GN (m
2
l˜1
,m2
l˜2
, · · · ,m2
l˜N
) = D[GN−1(m2l˜ ,m
2
l˜3
, · · · ,m2
l˜N
);m2
l˜
](m2
l˜1
,m2
l˜2
), (86)
where
D[f(x);x](x1, x2) ≡ 1
x1 − x2 [f(x1)− f(x2)] . (87)
Then, by taking finite difference in sequence, each scalar line can be represented as a linear combination
of flavor conserving scalar lines, F1 or G1,
FN (m
2
l˜1
,m2
l˜2
, · · · ,m2
l˜N
) = DN−1[F1(m2);m2](m2l˜1 ,m
2
l˜2
, · · · ,m2
l˜N
),
GN (m
2
l˜1
,m2
l˜2
, · · · ,m2
l˜N
) = DN−1[G1(m2);m2](m2l˜1 ,m
2
l˜2
, · · · ,m2
l˜N
), (88)
where
DN−1[f(x);x](x1, x2, · · · , xN ) ≡
N∑
i=1

∏
j 6=i
1
xi − xj

 f(xi). (89)
Due to this fact, we can get amplitudes with any masses inserted from the corresponding flavor-conserving
diagrams.
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Before we derive amplitudes of e+i → e+j γ (i > j), we introduce a mass function IMN as
iIMN (m
2
1,m
2
2, · · · ,m2N ) =
∫
d4k
(π)2
k2M
N∏
i
1
k2 −m2i
. (90)
This function IMN can be reduced to I
M
N−1 or I
M−1
N by following rules,
IMN (m
2
1,m
2
2, · · · ,m2N ) = D[IMN−1(m2,m23, · · · ,m2N);m2](m21,m22), (91)
IMN (m
2
1,m
2
2, · · · ,m2N ) = m2NIM−1N (m21,m22, · · · ,m2N ) + IM−1N−1 (m21,m22, · · · ,m2N−1), (92)
and then, all IMN for N > 2 +M can be derived from I
0
1 ,
I01 (m
2) =
(
1− log m
2
Λ2
)
m2, (93)
where Λ is a renormalization point. Also, the signs of IMN and D
L[IMN ] are definitely determined as
(−1)N+MIMN (m21,m22, · · · ,m2N ) > 0, (94)
(−1)L+M+NDL[IMN (m2,m2, · · · ,m2︸ ︷︷ ︸
N−P
,m21, · · · ,m2P );m2](M21 ,M22 , · · · ,M2L+1) > 0. (95)
Then, we can discuss about relative signs between several diagrams definitely by using IMN and the finite
differences. Furthermore, since the mass dimension of IMN is (4 + 2M − 2N), we can derive a following
relation,
(2 +M −N)IMN (m21,m22, · · · ,m2N ) =
N∑
i=1
m2i I
M
N+1(m
2
1, · · · ,m2i ,m2i , · · · ,m2N ) (96)
for N > 2 +M , since
d
dx
{
x−2−M+N IMN (xm
2
1, xm
2
2, · · · , xm2N )
}
= 0. (97)
Due to Eqs. (91,92,96) there are some ways to represent one function, for example,
I25 (m
2,m2,m2,M2,M2) = −3m2I15 (m2,m2,m2,m2,M2). (98)
We will derive amplitudes of e+i → e+j γ (i > j) by the mass-insertion technique. The amplitude is
generally written as
T = e ǫα∗ v¯i(p) iσαβqβ (A
(ij)
L PL +A
(ij)
R PR) vj(p− q). (99)
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Here, e is the electric charge, ǫ∗ the photon polarization vector, vi and vj the wave functions for the
external leptons. Assignment of momenta of the external fields is shown in Fig. (17). Since above term
is violating the lepton chirality, it is convenient to decompose A
(ij)
L and A
(ij)
R as
A
(ij)
L = A
(ij)
L |c1 +A(ij)L |c2 +A(ij)L |n1 +A(ij)L |n2 +A(ij)L |n3,
A
(ij)
R = A
(ij)
R |c1 +A(ij)R |c2 +A(ij)R |n1 +A(ij)R |n2 +A(ij)R |n3. (100)
A
(ij)
L,R|n1,c1 come from diagrams in which the lepton chirality is flipped on the external lines (Figs. (18)(a)
and (b)). A
(ij)
L,R|n2,c2 are contributions from the diagrams in which the chirality is flipped on a vertex of
lepton-slepton-neutralino (-chargino) [Figs. (18)(c) and (d)]. A
(ij)
L,R|n3 are contributions from those with
the chirality flip on the internal slepton line (Fig. (18)(e)). Subscripts c and n represent that they are
from chargino and neutralino diagrams, respectively.
The neutralino contribution to A
(ij)
L |n1, derived from a diagram where the chirality of lepton is flipped
in the external lepton line, is given by
A
(ij)
L |n1 = −
1
6(4π)2
mei N
A(i)∗
LL N
A(j)
LL
∞∑
N=1
∑
l1,···,lN−1
(m2e˜)l0l1(m
2
e˜)l1l2 · · · (m2e˜)lN−1lN
×DN [I25 (m2e˜,m2e˜,m2e˜,M2χ˜0
A
,M2χ˜0
A
),m2e˜](m
2
e˜l0
,m2e˜l1
, · · · ,m2e˜lN )
(l0 = i, lN = j),
A
(ij)
R |n1 =
(
A
(ij)
L |n1
)
L↔R,l0=i+3,lN=j+3
, (101)
where mei is the i-th generation charged lepton mass, and the explicit form of I
1
5 is
I25 (m
2
e˜,m
2
e˜,m
2
e˜,M
2
χ˜0 ,M
2
χ˜0) = −
1
m2e˜
1
2(1− x)4 (1− 6x+ 3x
2 + 2x3 − 6x2 log x) (102)
with x = M2
χ˜0
/m2e˜. N
A(i)
LL is a coupling constant between slepton and neutralino, and our definition of
couplings of slepton to neutralino (or chargino) is
− Lint = ν˜†i χ˜−A(CA(i)LR PR + CA(i)LL PL) ei
+e˜†Li χ˜
0
A(N
A(i)
LR PR +N
A(i)
LL PL) ei
+e˜†Ri χ˜
0
A(N
A(i)
RR PR +N
A(i)
RL PL) ei + h.c.. (103)
Here, C
A(i)
LL , N
A(i)
LL , and N
A(i)
RR correspond to the (lepton-chirality conserving) gaugino interactions, and
C
A(i)
LR , N
A(i)
RL , and N
A(i)
LR are the (lepton-chirality violating) Higgsino interactions. These coupling con-
stants are represented by the MSSM parameters in Appendix A.
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Sign of the term with N off-diagonal inserted-masses in A
(ij)
L |n1 is definitely determined by signs of
coupling constants of slepton to neutralino and the inserted masses, and is independent of the diagonal
slepton masses and neutralino masses since
(−1)N+1DN [I25 (m2e˜,m2e˜,m2e˜,M2χ˜0M2χ˜0),m2e˜](m2e˜0 ,m2e˜1 , · · · ,m2e˜N ) > 0. (104)
A contribution from a neutralino diagram where the lepton chirality is flipped in the vertex of slepton-
lepton-neutralino is given as
A
(ij)
L |n2 = −
1
2(4π)2
Mχ˜0
A
N
A(i)∗
LR N
A(j)
LL
∞∑
N=1
∑
l1,···,lN−1
(m2e˜)l0l1(m
2
e˜)l1l2 · · · (m2e˜)lN−1lN
×DN [I14 (m2e˜,m2e˜,M2χ˜0
A
,M2χ˜0
A
);m2e˜](m
2
e˜l0
,m2e˜l1 , · · · ,m
2
e˜lN
)
(l0 = i, lN = j),
A
(ij)
R |n2 =
(
A
(ij)
L |n2
)
L↔R,l0=i+3,lN=j+3
. (105)
The explicit form of I14 in Eq. (105) is
I14 (m
2
e˜,m
2
e˜,M
2
χ˜0 ,M
2
χ˜0) = −
1
m2e˜
1
(1− x)3 (1− x
2 + 2x log x) (106)
with x =M2
χ˜0
/m2e˜, and the sign of D
N [I14 ] is (−1)N+1 from Eq. (95).
A contribution from a neutralino diagram where the lepton chirality is flipped in the internal slepton
line is given as
A
(ij)
L |n3 = −
1
2(4π)2
Mχ˜0
A
N
A(i)∗
RR N
A(j)
LL
∞∑
N=1
∑
l1,···,lN−1
(m2e˜)l0l1(m
2
e˜)l1l2 · · · (m2e˜)lN−1lN
×DN [I14 (m2e˜,m2e˜,M2χ˜0
A
,M2χ˜0
A
);m2e˜](m
2
e˜l0
,m2e˜l1
, · · · ,m2e˜lN )
(l0 = i+ 3, lN = j),
A
(ij)
R |n3 =
(
A
(ij)
L |n3
)
L↔R,l0=i,lN=j+3
. (107)
A contribution from a chargino diagram where the lepton chirality is flipped in the external lepton
line is given as
A
(ij)
L |c1 =
1
6(4π)2
mei C
A(i)∗
LL C
A(j)
LL
∞∑
N=1
∑
l1,···,lN−1
(m2ν˜)l0l1(m
2
ν˜)l1l2 · · · (m2ν˜)lN−1lN
×DN [I25 (m2ν˜ ,m2ν˜ ,M2χ˜−
A
,M2
χ˜
−
A
,M2
χ˜
−
A
);m2ν˜ ](m
2
ν˜l0
,m2ν˜l1
, · · · ,m2ν˜lN )
(l0 = i, lN = j),
A
(ij)
R |c1 = O(mej ). (108)
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The explicit form of I25 in Eq. (108) is
I25 (m
2
ν˜ ,m
2
ν˜ ,M
2
χ˜− ,M
2
χ˜− ,M
2
χ˜−) = −
1
m2ν˜
1
2(1− x)4 (2 + 3x− 6x
2 + x3 + 6x log x) (109)
with x =M2
χ˜−
/m2ν˜ , and the sign of D
N [I25 ] is (−1)N+1.
A contribution from a chargino diagram where the lepton chirality is flipped in the vertex of lepton-
sneutrino-chargino is given as
A
(ij)
L |c2 =
1
(4π)2
Mχ˜−
A
C
A(i)∗
LR C
A(j)
LL
∞∑
N=1
∑
l1,···,lN−1
(m2ν˜)l0l1(m
2
ν˜)l1l2 · · · (m2ν˜)lN−1lN
×DN [I14 (m2ν˜ ,M2χ˜−
A
,M2
χ˜
−
A
,M2
χ˜
−
A
);m2ν˜ ](m
2
ν˜l0
,m2ν˜l1
, · · · ,m2ν˜lN )
(l0 = i, lN = j),
A
(ij)
R |c2 = O(mej ). (110)
The explicit form of I14 in Eq. (110) is
I14 (m
2
ν˜ ,M
2
χ˜− ,M
2
χ˜− ,M
2
χ˜−) =
1
m2ν˜
1
2(1− x)3 (3− 4x+ x
2 + 2 logx) (111)
with x =M2
χ˜−
/m2ν˜ , and the sign of D
N [I14 ] is (−1)N+1.
C Application of Mass Insertion Formulas to τ+ → µ+γ and µ+ →
e
+
γ
In this section we apply the formulas derived in the previous section to τ+ → µ+γ and µ+ → e+γ
processes. We neglectmµ (me) in the calculation of τ
+ → µ+γ (µ+ → e+γ). First we consider τ+ → µ+γ.
The whole contribution to τ+ → µ+γ can be written as
A
(τµ)
L = A
(τµ)
L |c1 +A(τµ)L |c2 +A(τµ)L |n1 +A(τµ)L |n2 +A(τµ)L |n3,
A
(τµ)
R = A
(τµ)
R |c1 +A(τµ)R |c2 +A(τµ)R |n1 +A(τµ)R |n2 +A(τµ)R |n3, (112)
in the same notation as the previous section. In many models the dominant contributions to τ → µγ
are from the diagrams with single insertion of (m2
L˜
)32, (m
2
e˜)32, A
32
e , or A
23
e . Among these lepton flavor
violating coupling constants only (m2
L˜
)32 and (m
2
e˜)32 are important for tanβ
>∼ 1. We here show explicit
expressions of the diagrams with single off-diagonal slepton mass matrix element insertion for tanβ >∼ 1.
From the formula we derived in the previous Appendix, the contributions from diagrams with the lepton
chirality flipped in the external line (Figs. (18)(a) and (b)) are given as
A
(τµ)
L |c1 = −mτ
1
6
α2
4π
(OR)
2
A1
27
×
[
(m2
L˜
)32
m2ν˜µ −m2ν˜τ
] {
1
m2ν˜µ
fc1(xAν˜µ )−
1
m2ν˜τ
fc1(xAν˜τ )
}
, (113)
A
(τµ)
R |c1 = O(mµ), (114)
A
(τµ)
L |n1 = mτ
1
12
α2
4π
((ON )A2 + (ON )A1 tan θW )
2
×
[
(m2
L˜
)32
m2µ˜L −m2τ˜L
] {
1
m2µ˜L
fn1(xAµ˜L)−
1
m2τ˜L
fn1(xAτ˜L)
}
, (115)
A
(τµ)
R |n1 = mτ
1
3
αY
4π
(ON )
2
A1
×
[
(m2e˜)32
m2µ˜R −m2τ˜R
] {
1
m2µ˜R
fn1(xAµ˜R)−
1
m2τ˜R
fn1(xAτ˜R)
}
, (116)
where xAl˜ = M
2
χ˜A
/m2
l˜
with l = νµ, ντ , µL, τL, µR, and τR and χ˜A = χ˜
−
A and χ˜
0
A. The coefficient
functions fc1(x) and fn1(x) are given as
fc1(x) ≡ 1
2(1− x)4 (2 + 3x− 6x
2 + x3 + 6x log x), (117)
fn1(x) ≡ 1
2(1− x)4 (1 − 6x+ 3x
2 + 2x3 − 6x2 log x), (118)
which are positive definite and monotonically decreasing. Following coefficient functions are also defined
to be positive definite and monotonically decreasing.
The diagrams where the lepton chirality is flipped in the vertices give the following contributions,
A
(τµ)
L |c2 = mτ
α2
4π
Mχ˜−
A√
2mW cosβ
(OR)A1(OL)A2
×
[
(m2
L˜
)32
m2ν˜µ −m2ν˜τ
]{
1
m2ν˜µ
fc2(xAν˜µ )−
1
m2ν˜τ
fc2(xAν˜τ )
}
, (119)
A
(τµ)
R |c2 = O(mµ), (120)
A
(τµ)
L |n2 = −mτ
1
4
α2
4π
Mχ˜0
A
mZ cos θW cosβ
(ON )A3 ((ON )A2 + (ON )A1 tan θW )
×
[
(m2
L˜
)32
m2µ˜L −m2τ˜L
]{
1
m2µ˜L
fn2(xAµ˜L)−
1
m2τ˜L
fn2(xAτ˜L)
}
, (121)
A
(τµ)
R |n2 = mτ
1
2
αY
4π
Mχ˜0
A
mZ sin θW cosβ
(ON )A3(ON )A1
×
[
(m2e˜)32
m2µ˜R −m2τ˜R
]{
1
m2µ˜R
fn2(xAµ˜R)−
1
m2τ˜R
fn2(xAτ˜R)
}
, (122)
where the functions fc2(x) and fn2(x) are defined as
fc2(x) ≡ − 1
2(1− x)3 (3− 4x+ x
2 + 2 log x), (123)
fn2(x) ≡ 1
(1 − x)3 (1 − x
2 + 2x log x). (124)
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Finally the contribution from the diagrams in which the lepton chirality is flipped on the internal
slepton lines are
A
(τµ)
L |n3 = −
1
2
α2
4π
(ON )A1 ((ON )A2 + (ON )A1 tan θW ) tan θW (m
2
LR)33(m
2
L˜
)32Mχ˜0
A
×
{
1
m2τ˜R
1
m2τ˜R −m2τ˜L
1
m2τ˜R −m2µ˜L
fn2(xAτ˜R)
+
1
m2τ˜L
1
m2τ˜L −m2τ˜R
1
m2τ˜L −m2µ˜L
fn2(xAτ˜L)
+
1
m2µ˜L
1
m2µ˜L −m2τ˜R
1
m2µ˜L −m2τ˜L
fn2(xAµ˜L)
}
, (125)
A
(τµ)
R |n3 = −
1
2
α2
4π
(ON )A1 ((ON )A2 + (ON )A1 tan θW ) tan θW (m
2
LR)33(m
2
e˜)32Mχ˜0A
×
{
1
m2τ˜L
1
m2τ˜L −m2τ˜R
1
m2τ˜L −m2µ˜R
fn2(xAτ˜L)
+
1
m2τ˜R
1
m2τ˜R −m2τ˜L
1
m2τ˜R −m2µ˜R
fn2(xAτ˜R)
+
1
m2µ˜R
1
m2µ˜R −m2τ˜L
1
m2µ˜R −m2τ˜R
fn2(xAµ˜R)
}
. (126)
Next we present the mass insertion formula for µ+ → e+γ. Here we assume mass degeneracy between
selectron and smuon, then
mν˜e = mν˜µ ≡ mν˜ ,
me˜L = mµ˜L ≡ ml˜L ,
me˜R = mµ˜R ≡ ml˜R .
The contributions from diagrams with the lepton chirality flipped in the external line (Figs. (18)(a)
and (b)) are given as
A
(µe)
L |c1 = mµ
1
6
α2
4π
(OR)
2
A1
×
{[
(m2
L˜
)21 +
(m2
L˜
)23(m
2
L˜
)31
m2ν˜ −m2ν˜τ
]
1
m4ν˜
gc1(xAν˜)
−
[
(m2
L˜
)23(m
2
L˜
)31
(m2ν˜ −m2ν˜τ )2
]
1
m2ν˜τ
fc1(xAν˜τ )
}
, (127)
A
(µe)
R |c1 = O(me), (128)
A
(µe)
L |n1 = −mµ
1
12
α2
4π
((ON )A2 + (ON )A1 tan θW )
2
×
{[
(m2
L˜
)21 +
(m2
L˜
)23(m
2
L˜
)31
m2
l˜L
−m2τ˜L
]
1
m4
l˜L
gn1(xAl˜L)
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−
[
(m2
L˜
)23(m
2
L˜
)31
(m2
l˜L
−m2τ˜L)2
]
1
m2τ˜L
fn1(xAτ˜L)
}
, (129)
A
(µe)
R |n1 = −
1
3
mµ
αY
4π
(ON )
2
A1
×
{[
(m2e˜)21 +
(m2e˜)23(m
2
e˜)31
m2
l˜R
−m2τ˜R
]
1
m4
l˜R
gn1(xAl˜R)
−
[
(m2e˜)23(m
2
e˜)31
(m2
l˜R
−m2τ˜R)2
]
1
m2τ˜R
fn1(xAτ˜R)
}
, (130)
with
gc1(x) ≡ fc1(x) + xf ′c1(x),
gn1(x) ≡ fn1(x) + xf ′n1(x). (131)
Here primes on fc1,n1(x) mean differentiation about x.
The diagrams where the lepton chirality is flipped in the vertices give the following contributions,
A
(µe)
L |c2 = −mµ
α2
4π
Mχ˜−
A√
2mW cosβ
(OR)A1(OL)A2
×
{[
(m2
L˜
)21 +
(m2
L˜
)23(m
2
L˜
)31
m2ν˜ −m2ν˜τ
]
1
m4ν˜
gc2(xAν˜)
−
[
(m2
L˜
)23(m
2
L˜
)31
(m2ν˜ −m2ν˜τ )2
]
1
m2ν˜τ
fc2(xAν˜τ )
}
, (132)
A
(µe)
R |c2 = O(me), (133)
A
(µe)
L |n2 = mµ
1
4
α2
4π
Mχ˜0
A
mZ cos θW cosβ
(ON )A3 ((ON )A2 + (ON )A1 tan θW )
×
{[
(m2
L˜
)21 +
(m2
L˜
)23(m
2
L˜
)31
m2
l˜L
−m2τ˜L
]
1
m4
l˜L
gn2(xAl˜L)
−
[
(m2
L˜
)23(m
2
L˜
)31
(m2
l˜L
−m2τ˜L)2
]
1
m2τ˜L
fn2(xAτ˜L)
}
, (134)
A
(µe)
R |n2 = −mµ
1
2
αY
4π
Mχ˜0
A
mZ sin θW cosβ
(ON )A3(ON )A1
×
{[
(m2e˜)21 +
(m2e˜)23(m
2
e˜)31
m2
l˜R
−m2τ˜R
]
1
m4
l˜R
gn2(xAl˜R)
−
[
(m2e˜)23(m
2
e˜)31
(m2
l˜R
−m2τ˜R)2
]
1
m2τ˜R
fn2(xAτ˜R)
}
. (135)
Here the functions gc2(x) and gn2(x) are defined, similarly to gc1,n1(x), as
gc2(x) ≡ fc2(x) + xf ′c2(x),
gn2(x) ≡ fn2(x) + xf ′n2(x). (136)
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The contributions from Fig. (18)(e) in which the lepton chirality is flipped in the slepton lines are
following,
A
(µe)
L |n3 =
1
2
α2
4π
Mχ˜0
A
(ON )A1((ON )A2 + (ON )A1 tan θW ) tan θW
×
{
−(m2e˜)23(m2LR)33(m2L˜)31
×
(
1
m2
l˜R
1
m2
l˜R
−m2τ˜R
1
m2
l˜R
−m2τ˜L
1
m2
l˜R
−m2
l˜L
fn2(xAl˜R)
+
1
m2τ˜L
1
m2τ˜L −m2l˜R
1
m2τ˜L −m2τ˜R
1
m2τ˜L −m2l˜L
fn2(xAτ˜L)
+
1
m2τ˜R
1
m2τ˜R −m2l˜R
1
m2τ˜R −m2τ˜L
1
m2τ˜R −m2l˜L
fn2(xAτ˜R)
+
1
m2
l˜L
1
m2
l˜L
−m2
l˜R
1
m2
l˜L
−m2τ˜R
1
m2
l˜L
−m2τ˜L
fn2(xAl˜L)
)
+ (m2LR)22(m
2
L˜
)21
×
(
− 1
m2
l˜R
1
(m2
l˜R
−m2
l˜L
)2
fn2(xAl˜R) +
1
m4
l˜L
1
m2
l˜L
−m2
l˜R
gn2(xAl˜L)
)
+ (m2LR)22(m
2
L˜
)23(m
2
L˜
)31
×
(
− 1
m2
l˜R
1
(m2
l˜R
−m2
l˜L
)2
1
m2
l˜R
−m2τ˜L
fn2(xAl˜R)
− 1
m2τ˜L
1
(m2τ˜L −m2l˜L)
2
1
m2τ˜L −m2l˜R
fn2(xAτ˜L)
+
1
m4
l˜L
1
m2
l˜L
−m2
l˜R
1
m2
l˜L
−m2τ˜L
gn2(xAl˜L)
)}
, (137)
A
(µe)
R |n3 =
1
2
α2
4π
Mχ˜0
A
(ON )A1((ON )A2 + (ON )A1 tan θW ) tan θW
×
{
−(m2
L˜
)23(m
2
LR)33(m
2
e˜)31
×
(
1
m2
l˜L
1
m2
l˜L
−m2τ˜L
1
m2
l˜L
−m2τ˜R
1
m2
l˜L
−m2
l˜R
fn2(xAl˜L)
+
1
m2τ˜R
1
m2τ˜R −m2l˜L
1
m2τ˜R −m2τ˜L
1
m2τ˜R −m2l˜R
fn2(xAτ˜R)
+
1
m2τ˜L
1
m2τ˜L −m2l˜L
1
m2τ˜L −m2τ˜R
1
m2τ˜L −m2l˜R
fn2(xAτ˜L)
+
1
m2
l˜R
1
m2
l˜R
−m2
l˜L
1
m2
l˜R
−m2τ˜L
1
m2
l˜R
−m2τ˜R
fn2(xAl˜R)
)
+ (m2LR)22(m
2
e˜)21
×
(
− 1
m2
l˜L
1
(m2
l˜L
−m2
l˜R
)2
fn2(xAl˜L) +
1
m4
l˜R
1
m2
l˜R
−m2
l˜L
gn2(xAl˜R)
)
31
+ (m2LR)22(m
2
e˜)23(m
2
e˜)31
×
(
− 1
m2
l˜L
1
(m2
l˜L
−m2
l˜R
)2
1
m2
l˜L
−m2τ˜R
fn2(xAl˜L)
− 1
m2τ˜R
1
(m2τ˜R −m2l˜R)
2
1
m2τ˜R −m2l˜L
fn2(xAτ˜R)
+
1
m4
l˜R
1
m2
l˜R
−m2
l˜L
1
m2
l˜R
−m2τ˜R
gn2(xAl˜R)
)}
. (138)
D Renormalization Group Equations
In this Appendix we show the one-loop level renormalization group equations (RGE’s) relevant to our
discussion in the text. In the equations below we use a shorthand notation, that is, for matrices in
generation space A and B we define {A,B} by
{A,B}ij ≡
∑
k
(AikBkj +BikAkj). (139)
D.1 RGE’s for the MSSMRN Model
First we devote ourselves to the MSSMRN model. The RGE’s for the gauge coupling constants and the
gaugino masses are unchanged from the MSSM since the right-handed neutrinos are singlet under the
Standard Model gauge group. First we list the RGE’s of the Yukawa coupling constants.
16π2µ
d
dµ
feij =
{
−9
5
g21 − 3g22 + 3Tr(fdf †d) + Tr(fef †e )
}
feij
+3(fef
†
efe)ij + (fef
†
νfν)ij , (140)
16π2µ
d
dµ
fνij =
{
−3
5
g21 − 3g22 + 3Tr(fuf †u) + Tr(fνf †ν )
}
fνij
+3(fνf
†
νfν)ij + (fνf
†
efe)ij . (141)
Next RGE’s of the soft masses and A parameters.
16π2µ
d
dµ
(m2
L˜
)ij = −
(
6
5
g21 |M1|2 + 6g22 |M2|2
)
δij − 3
5
g21Sδij
+{m2
L˜
, f †efe + f
†
νfν}ij
+2
(
f †em
2
e˜fe + m˜
2
h1f
†
efe +A
†
eAe
)
ij
+2
(
f †νm
2
ν˜fν + m˜
2
h2f
†
νfν +A
†
νAν
)
ij
, (142)
16π2µ
d
dµ
(m2e˜)ij = −
24
5
g21 |M1|2 δij +
6
5
g21Sδij
+2{m2e˜, fef †e}ij
32
+4
(
fem
2
L˜
f †e + m˜
2
h1fef
†
e +AeA
†
e
)
ij
, (143)
16π2µ
d
dµ
(m2ν˜)ij = 2{m2ν˜, fνf †ν}ij
+4
(
fνm
2
L˜
f †ν + m˜
2
h2fνf
†
ν +AνA
†
ν
)
ij
, (144)
16π2µ
d
dµ
Aeij =
{
−9
5
g21 − 3g22 + 3Tr(f †dfd) + Tr(f †efe)
}
Aeij
+2
{
−9
5
g21M1 − 3g22M2 + 3Tr(f †dAd) + Tr(f †eAe)
}
feij
+4(fef
†
eAe)ij + 5(Aef
†
efe)ij
+2(fef
†
νAν)ij + (Aef
†
νfν)ij , (145)
16π2µ
d
dµ
Aνij =
{
−3
5
g21 − 3g22 + 3Tr(f †ufu) + Tr(f †νfν)
}
Aνij
+2
{
−3
5
g21M1 − 3g22M2 + 3Tr(f †uAu) + Tr(f †νAν)
}
fνij
+4(fνf
†
νAν)ij + 5(Aνf
†
νfν)ij
+2(fνf
†
eAe)ij + (Aνf
†
efe)ij , (146)
where
S = Tr(m2
Q˜
+m2
d˜
− 2m2u˜ −m2L˜ +m2e˜)− m˜2h1 + m˜2h2. (147)
Here g1 is the U(1) gauge coupling constant in the GUT convention, which is related to the U(1)Y gauge
coupling constant gY by g
2
Y =
3
5g
2
1 .
D.2 RGE’s for the SU(5)RN Model
Next we list the RGE’s for the SU(5)RN model. The superpotential of the matter sector is
W =
1
4
fuijψ
AB
i ψ
CD
j H
EǫABCDE +
√
2fdijψ
AB
i φjAHB
+fνijηiφjAH
A +
1
2
Mηiηjηiηj ,
and the soft SUSY breaking terms are
− LSUSY breaking = (m2ψ)ij ψ˜†i ψ˜j + (m2φ)ij φ˜†i φ˜j + (m2η)ij η˜†i η˜j +m2hh†h+m2h¯h¯†h¯
+
{
1
4
Auij ψ˜iψ˜jh+
√
2Adij ψ˜iφ˜j h¯+Aνij η˜iφ˜jh+ h.c.
}
+
1
2
M5λ5Lλ5L + h.c.. (148)
We denote the SU(5)GUT gauge coupling constant as g5, the SU(5)GUT gaugino λ5, and its soft Majorana
mass M5. We neglect a coupling λHΣH, as stated in the text.
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First is the RGE’s for the dimensionless coupling constants.
16π2µ
d
dµ
g5 = −3g35, (149)
16π2µ
d
dµ
fdij =
[
−84
5
g25 + 4Tr(f
†
dfd)
]
fdij
+6(fdf
†
dfd)ij + 3(fuf
†
ufd)ij + (fdf
†
νfν)ij , (150)
16π2µ
d
dµ
fuij =
[
−96
5
g25 + 3Tr(f
†
ufu) + Tr(f
†
νfν)
]
fuij
+6(fuf
†
ufu)ij + 2(fdf
†
dfu)ij + 2(fuf
∗
df
⊤
d )ij , (151)
16π2µ
d
dµ
fνij =
[
−48
5
g25 + 3Tr(f
†
ufu) + Tr(f
†
νfν)
]
fνij
+6(fνf
†
νfν)ij + 4(fνf
†
dfd)ij . (152)
Next is for the soft masses.
16π2µ
d
dµ
M5 = −6g25M5, (153)
16π2µ
d
dµ
m2h = −
96
5
g25M
2
5
+6Tr(fuf
†
u)m
2
h
+6Tr(fum
2
ψf
†
u + f
†
um
2⊤
ψ fu +AuA
†
u)
+2Tr(fνf
†
ν )m
2
h
+2Tr(fνm
2
φf
†
ν + f
⊤
ν m
2
ηf
∗
ν +AνA
†
ν), (154)
16π2µ
d
dµ
m2
h
= −96
5
g25M
2
5
+8Tr(fdf
†
d)m
2
h
+8Tr(fdm
2
φf
†
d + f
†
dm
2⊤
ψ fd +AdA
†
d), (155)
16π2µ
d
dµ
(m2ψ)ij = −
144
5
g25M
2
5 δij + {m2ψ, 2f∗df⊤d + 3f∗uf⊤u }ij
+4
[
(f∗d f
⊤
d )ijm
2
h
+ (f∗dm
2⊤
φ f
⊤
d +A
∗
dA
⊤
d )ij
]
+6
[
(f∗uf
⊤
u )ijm
2
h + (f
∗
um
2⊤
ψ f
⊤
u +A
∗
uA
⊤
u )ij
]
, (156)
16π2µ
d
dµ
(m2φ)ij = −
96
5
g25M
2
5 δij + {m2φ, 4f †dfd + f †νfν}ij
+8
[
(f †dfd)ijm
2
h
+ (f †dm
2⊤
ψ fd +A
†
dAd)ij
]
+2
[
(f †νfν)ijm
2
h + (f
†
νm
2⊤
η fν +A
†
νAν)ij
]
, (157)
16π2µ
d
dµ
(m2η)ij = 5{m2η, f∗ν f⊤ν }ij
+10
[
(f∗ν f
⊤
ν )ijm
2
h + (f
∗
νm
2⊤
φ f
⊤
ν +A
∗
νA
⊤
ν )ij
]
. (158)
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Finally A terms.
16π2µ
d
dµ
Adij =
[
−84
5
g25 + 4Tr(f
†
dfd)
]
Adij
+2
[
−84
5
g25M5 + 4Tr(f
†
dAd)
]
fdij
+10(fdf
†
dAd)ij + 3(fuf
†
uAd)ij
+8(Adf
†
dfd)ij + 6(Auf
†
ufd)ij
+(Adf
†
νfν)ij + 2(fdf
†
νAν)ij , (159)
16π2µ
d
dµ
Auij =
[
−96
5
g25 + 3Tr(f
†
ufu) + Tr(f
†
νfν)
]
Auij
+2
[
−96
5
g25M5 + 3Tr(f
†
uAu) + Tr(f
†
νAν)
]
fuij
+2(fdf
†
dAu)ij + 9(fuf
†
uAu)ij + 2(Auf
∗
d f
⊤
d )ij
+4(Adf
†
dfu)ij + 9(Auf
†
ufu)ij + 4(fuf
∗
dA
⊤
d )ij , (160)
16π2µ
d
dµ
Aνij =
[
−48
5
g25 + 3Tr(f
†
ufu) + Tr(f
†
νfν)
]
Aνij
+2
[
−48
5
g25M5 + 3Tr(f
†
uAu) + Tr(f
†
νAν)
]
fνij
+7(fνf
†
νAν)ij + 4(Aνf
†
dfd)ij
+11(Aνf
†
νfν)ij + 8(fνf
†
dAd)ij . (161)
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Figure 1: The Feynman diagrams which give dominant contributions to τ+ → µ+γ when tanβ >∼ 1 and
the off-diagonal elements of the right-handed slepton mass matrix are negligible, as in the MSSM with
the right-handed neutrinos. In the diagrams, (m2
L˜
)32 is the (3, 2) element of the left-handed slepton soft
mass matrix. τ˜L(R) and µ˜L(R) are the left-handed (right-handed) stau and smuon, respectively, and ν˜τ
and ν˜µ the tau sneutrino and the mu sneutrino. H˜1 and H˜2 are Higgsino, W˜ wino. The symbol µ is the
Higgsino mass. The arrows represent the chirality.
38
100 200 300 400 500
m~eL
 (GeV)
10−9
10−8
10−7
10−6
10−5
Br
(τ→
µγ
)
τ→µγ in the MSSMRN
M2=130GeV, mντ=0.07eV
Experimental bound
tanβ=3,10,30
Figure 2: Dependence of the branching ratio of τ → µγ on the left-handed selectron mass me˜L in the
MSSM with the right-handed neutrinos. We take the tau neutrino mass 0.07eV and VD32 = −0.71, which
are suggested by the atmospheric neutrino result. Mν3 is fixed at ≃ 1014GeV by imposing a condition
fu3 = fν3 at the gravitational scale. The dotted line shown in the figure is the present experimental bound.
We set the wino mass M2 130GeV, and the Higgsino mass parameter µ positive. The mu neutrino mass
is neglected. We take tanβ = 3, 10, and 30. The larger tanβ corresponds to the upper curve.
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Figure 3: Dependence of the branching ratio of τ → µγ on the third-generation right-handed neutrino
Majorana mass Mν3 in the MSSM with the right-handed neutrinos. The input parameters are the same
as those of Fig. (2) except that in this figure we take me˜L = 170GeV and that we do not impose the
condition fu3 = fν3 but treat Mν3 as an independent variable. The dotted line shown in the figure is the
present experimental bound. Here also the larger tanβ corresponds to the upper curve.
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Figure 4: Candidates of the Feynman diagrams which give dominant contributions to µ+ → e+γ when
tanβ >∼ 1 and the off-diagonal elements of the right-handed soft mass matrix are negligible, as in the
MSSM with the right-handed neutrinos. In the diagrams, (m2
L˜
)ij is the (i, j) element of the left-handed
slepton mass matrix. e˜L(R) is the left-handed (right-handed) selectron and ν˜e is the electron sneutrino.
Other symbols are the same as those in Fig. (1).
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Figure 5: Dependence of the branching ratio of µ→ eγ on the second-generation right-handed neutrino
Majorana massMν2 in the MSSMwith the right-handed neutrinos under the assumption of the MSW large
angle solution with VD31 = 0. We take VD21 = −0.42 and the mu neutrino mass as 0.004eV, as suggested
by the MSW large angle solution. The dotted line shown in the figure is the present experimental bound.
Other input parameters are the wino mass 130GeV, the left-handed selectron 170GeV, the tau neutrino
mass 0.07eV, and tanβ = 3, 10, and 30. The larger tanβ corresponds to the upper curve.
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Figure 6: Dependence of the branching ratio of µ→ eγ on the second-generation right-handed neutrino
Majorana mass Mν2 in the MSSM with the right-handed neutrinos under the assumption of the MSW
small angle solution with VD31 = 0. We take VD21 = −0.04 and the mu neutrino mass as 0.0022eV, which
are suggested by the MSW small angle solution if the mixing comes from VD. Other input parameters
are the same as those in Fig. (5). The dotted line shown in the figure is the present experimental bound.
tanβ = 3, 10, and 30, and the larger tanβ corresponds to the upper curve.
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Figure 7: Dependence of the branching ratio of µ→ eγ on the second-generation right-handed neutrino
Majorana mass Mν2 in the MSSM with the right-handed neutrinos under the assumption of the ’just so’
solution with VD31 = 0. We take VD21 = −0.71 and the mu neutrino mass as 1.0× 10−5eV, as suggested
by the ’just so’ solution. Other input parameters are the same as those in Fig. (5). The dotted line shown
in the figure is the present experimental bound. tanβ = 3, 10, and 30, and the larger tanβ corresponds
to the upper curve.
44
10
-2
10
-3
10
12
10
-12
10
-18
10
-21
10
-15
V
31D
M (GeV)ν 3
10
13
10
14
10
-4
10
-5
Figure 8: Dependence of the branching ratio of µ → eγ on the third-generation right-handed neutrino
Majorana mass Mν3 and VD31 in the MSSM with the right-handed neutrinos. Here the tau neutrino
mass is 0.07eV and VD32 = −0.71, as suggested by the atmospheric neutrino result. We neglect fν2 here.
The curves mean the contours on which the branching ratio of µ→ eγ is 10−21, 10−18, 10−15, and 10−12,
respectively. The shaded region is already excluded experimentally. tanβ is set to be 3. The wino mass
is 130GeV, the left-handed selectron mass 170GeV, and the Higgsino mass parameter µ positive.
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Figure 9: Dependence of the branching ratio of µ → eγ on the third-generation right-handed neutrino
Majorana mass Mν3 and VD31 in the MSSM with the right-handed neutrinos. The input parameters
are the same as those in Fig. (8) except that we take tanβ = 30 here. The curves mean the contours
on which the branching ratio of µ → eγ is 10−18, 10−15, and 10−12, respectively. The shaded region is
already excluded experimentally.
46
v sinβ
H˜−1
µ
H˜−2
W˜−
M2
W˜−
τR ν˜τ ν˜µ µL
(m2
L˜
)32
γ
(a)
v sinβ
H˜01
µ
H˜02
W˜ 0
M2
W˜ 0
τR τ˜L µ˜L µL
(m2
L˜
)32
γ
(b)
M1
B˜ B˜
τL τ˜L τ˜R µ˜R µR
mτµ tanβ (m2e˜)32
γ
(c)
v sinβ
H˜01
µ
H˜02
B˜
M1
B˜
τL τ˜R µ˜R µR
(m2e˜)32
γ
(d)
Figure 10: Candidates of the Feynman diagrams which give dominant contributions to τ+ → µ+γ when
tanβ >∼ 1 and (m2e˜)32 is not negligible. The arrows represent the chirality.
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Figure 11: Dependence of the branching ratio of τ → µγ on the third-generation right-handed neutrino
Majorana mass Mν3 in the SU(5) SUSY GUT with the right-handed neutrinos. Here the tau neutrino
mass mντ is 0.07eV and VD32 = −0.71, as suggested by the atmospheric neutrino result. We take the
bino mass M1 65GeV, the right-handed selectron mass me˜R 160GeV. The three curves correspond to the
case where tanβ = 3, 10, and 30, respectively. The branching ratio becomes larger for larger tanβ value.
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Figure 12: Candidates of the Feynman diagrams which give dominant contributions to µ+ → e+γ when
tanβ >∼ 1 and the off-diagonal elements of (m2e˜) are non-negligible. The arrows represent the chirality.
49
10
-2
10
-3
10
12
10
-12
10
-13
10
-14
10
-11
V
31D
10
13
10
14
10
-4
M (GeV)ν 3
Figure 13: Dependence of the branching ratio of µ → eγ on the third-generation right-handed neutrino
Majorana mass Mν3 and VD31 in the SU(5) SUSY GUT with the right-handed neutrinos. Here we take
the tau neutrino mass mντ 0.07eV and the mu neutrino mass is neglected. The curves mean the contours
on which the branching ratio of µ→ eγ is 10−14, 10−13, 10−12, and 10−11, respectively. The shaded region
is already excluded experimentally. We take the bino mass M1 65GeV, the right-handed selectron mass
me˜R 160GeV, and tanβ = 3.
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Figure 14: Dependence of the branching ratio of µ → eγ on the third-generation right-handed neutrino
Majorana mass Mν3 and VD31 in the SU(5) SUSY GUT with the right-handed neutrinos. The curves
mean the contours on which the branching ratio of µ → eγ is 10−13, 10−12, and 10−11, respectively.
The shaded region is already excluded experimentally. The input parameters are the same as those in
Fig. (13) except that in this figure tanβ = 30.
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Figure 15: Dependence of the branching ratio of µ→ eγ on the typical right-handed neutrino Majorana
mass MN and VD31 in the SU(5) SUSY GUT with the right-handed neutrinos. We assume the MSW
large angle solution, which suggests mνµ to be 0.004eV and VD21 = −0.42. We take the tau neutrino
mass mντ 0.07eV and VD32 = −0.60, as suggested by the atmospheric neutrino result. We assume the
universality of the right-handed Majorana masses Mν1 = Mν2 = Mν3 ≡ MN , for simplicity. The curves
mean the contours on which the branching ratio of µ→ eγ is 10−13, 10−12, and 10−11, respectively. The
shaded region is already excluded experimentally. We take the bino mass M1 65GeV, the right-handed
selectron mass me˜R 160GeV. In this figure tanβ = 3.
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Figure 16: Dependence of the branching ratio of µ→ eγ on the typical right-handed neutrino Majorana
mass MN and VD31 in the SU(5) SUSY GUT with the right-handed neutrinos. We assume the MSW
large angle solution and the atmospheric neutrino result. All the input parameters are the same as those
in Fig. (15) except that we take tanβ = 30 in this figure. The curve means the contour on which the
branching ratio of µ→ eγ is 10−11. The shaded region is already excluded experimentally.
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Figure 17: Assignment of the momenta to the external leptons and the external photon in a lepton flavor
violating diagram. An anti-charged lepton e+i going into the left vertex with momentum p is annihilated
there, and a photon with an outgoing momentum q and an anti-charged lepton e+j with an outgoing
momentum p− q are emitted.
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Figure 18: Patterns of the chirality flips in the lepton flavor violating diagrams in the e+i → e+j γ decay
(i > j) . In the diagrams (a) and (b) the lepton chirality is flipped on the external lines, while in (c) and
(d) it is flipped at a vertex of lepton-slepton-neutralino (-chargino). In (e) it flips on the internal slepton
line. Chirality flip on the internal slepton line does not occur in the diagram with a virtual chargino
because of the absence of the right-handed sneutrino at the low energy region.
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